objective To study the hypothesis that migratory waterfowl are possible disseminators of Vibrio cholerae and Aeromonas.
Introduction
Vibrio cholerae and Aeromonas species are Gram-negative facultative aerobe rods associated with human diarrhoeal and extra-intestinal infections [1] . Aeromonas is a food-borne pathogen that causes travellers' diarrhoea. The most abundant species in clinical cases are A. caviae, A. dhakensis, A. veronii and A. hydrophila [2] . V. cholerae is the causative agent of cholera [1] . There are more than 200 different known V. cholerae serogroups, but only strains belonging to serogroups O1 and O139 are recognised causes of epidemic and pandemic cholera. Strains that belong to other serogroups are termed as non-O1 and non-O139 and can also cause gastroenteritis and cholera-like diarrhoea in humans [1] .
V. cholerae and Aeromonas species have been isolated together from invertebrates such as chironomids [3, 4] , copepods [5] , oysters (Crassostrea brasiliana) [6] , aquatic arthropods (Gerris spinolae) [7] and different water reservoirs [5] [6] [7] . This suggests that V. cholerae and Aeromonas species inhabit the same habitats, although it is unclear what their relationship is in these niches.
V. cholerae was also isolated and identified from cloacal swabs of gulls [8] . Pathogenic strains of V. cholerae serogroup O1 were identified from two waterfowl species: Ardea herodias (great blue heron) and Larus delawarensis (rige-billed gull); the authors could not explain these findings, and the article was forgotten for more than 20 years [9] until Halpern et al. [10] suggested that waterbirds might be vectors for V. cholerae. Recently, we have demonstrated that great cormorants (Phalacrocorax carbo) can be infected with V. cholerae from their tilapia fish prey, which is naturally inhabited by V. cholerae [11] . Jubirt et al. [12] fed great egrets (Arda alba) with catfish contaminated by highly virulent A. hydrophila and then isolated it from the great egrets' faeces. Saif and Busch [13] showed that Salmonella spp. and A. hydrophila act synergistically to cause mortality in chicks; therefore, A. hydrophila is considered a facultative pathogen in poultry.
Israel is an important geographical 'bottleneck' for migratory birds. About one million soaring waterbirds pass through every autumn [14] , and thus, it is a suitable place to study the presence of pathogens in waterbirds. Here we demonstrate that V. cholerae and Aeromonas species can be isolated and identified from wild waterbirds who are passing over Israel. Our results support the hypothesis of Halpern et al., [10] , that waterfowl species can serve as vectors of different serogroups of V. cholerae and Aeromonas species.
Materials and methods

Ethics statement
Little egret (Egretta garzetta) and black-crowned night heron (Nycticorax nycticorax) are subject to controlled culling because of their alleged damage to fisheries. Israel and all member states of the EU are party to the AfricanEurasian Waterbirds Agreement (AEWA) under the Convention on Migratory Species (CMS) of the United Nations Environmental Program (UNEP) (www.unepaewa.org). Hunting permissions for controlled waterbirds were granted according to the regulations of wild animals protection acts of 1955 and 1976 [regulation no. 5A [2] [3] [4] , 1976; in Hebrew]. Black-headed gulls (Chroicocephalus ridibundus) were collected from the ground after they were found dead by stray bullets from fishermen.
Bird samplings
To study the presence of Aeromonas species and V. cholerae from waterbirds, we examined the intestine of three migratory wild waterbird species between January and August 2014. Some birds belonging to these species may be roosting, but we were unable to ascertain the history of the individuals examined. Waterbirds were shot down by fishermen while the birds were catching fish from commercial fish ponds, collected immediately and brought directly to the laboratory. Birds were kept at airconditioned room temperature for up to one hour. The intestines of three waterbird species were sampled: little egret (n = 11), black-crowned night heron (n = 8) and black-headed gull (n = 5). Egrets and herons were collected at Ma'agan Michael (32°33 0 31.6″N 34°54 0 37.6″ E); the gulls were found dead in Beit She'an Valley (32°2 9 0 05.4″N 35°31 0 45.9″E). The birds' intestines were sampled for the presence of culturable V. cholerae and Aeromonas using a sterile needle, and samples were spread on selective agar plates as described below.
Isolation and identification of culturable V. cholerae
Three intestine samples were taken from each bird. The samples were spread in triplicates directly on selective Thiosulfate-citrate-bile salts-sucrose (TCBS) agar plates (Difco, USA), for the detection of V. cholerae. After 24 h of incubation at 37°C, yellow colonies that were suspected as V. cholerae were further examined. Each isolate was subcultured five times on LB agar to obtain pure isolates. Isolates' identities were verified using PCR amplification of ompW (an outer membrane protein) and ctxA (Cholera enterotoxin subunit A). The primers and PCR conditions are described in Nandi et al. [15] .
Most V. cholerae isolates underwent somatic O antigen serogrouping. O antigen was determined using slide agglutination tests with a cell suspension heated to 100°C for 1 h [16] .
DNA was extracted from the bacterial isolates using a ZR Fungal/Bacterial DNA MiniPrep TM (Zymo Research, USA) kit according to the manufacturer's instructions. Identified isolates were kept in LB with 30% glycerol (Hilabs, Mumbai) at À80°C.
Pathogenicity potential of V. cholerae isolates
V. cholerae isolates were tested for: ompU (outer membrane protein); zot (zonula occludens toxin); tcpI and tcpA (TCP expression); hlyA (El Tor-like haemolysin); hapA (haemagglutinin/protease) and toxR (central regulatory protein) using PCR primers and protocols described by Halpern et al. [17] and Senderovich et al. [18] . To determine the presence of the genes vcsC2, vcsN2, vspD and vcsV2 (TTSS cluster), we used the protocol described by Chatterjee et al. [19] and Dziejman et al. [20] .
Identification of V. cholerae directly from the intestine samples
Three intestine samples (0.5 g each) from each bird were kept in sterile tubes containing 0.5 ml absolute ethanol. Tubes were stored at À20°C. DNA was extracted directly from the intestine content samples (0.5 g), using a DNA isolation kit (DNeasy Blood and Tissue, Qiagen, Germany) according to the manufacturer's instructions with minor modifications. In brief, tubes were centrifuged at maximum speed for 30 min to obtain intestine content without ethanol residues. This was followed by addition of 180 ll enzymatic lysis buffer (20 mM Tris-HCL pH 8, 2 mM sodium EDTA and 1.2% Triton-X-100) and 20 mg/ml lysozyme (from chicken egg white, SERVE, Germany) and incubation with shaking for 60 min at 37°C. Subsequently, DNA was extracted according to the manufacturer's instructions. DNA samples were kept at À20°C. ompW and ctxA were examined directly on the DNA extractions of the bird intestine samples in accordance with Nandi et al. [15] , and all samples were examined for the presence of the gene for serogroup O1 and O139 as described previously [21] .
Isolation and identification of culturable Aeromonas
Three intestine samples from each bird were taken and spread on m-Aeromonas plates (Biolife, Italy), a selective medium for the isolation of Aeromonas strains. After incubation at 37°C for 24 h, yellow colonies that were suspected as Aeromonas were subcultured five times on LB agar to obtain clonal isolates. DNA was extracted from the strains using a ZR Fungal/Bacterial DNA MiniPrep TM (Zymo Research, USA) kit according to the manufacturer's instructions.
All isolates were first identified as belonging to the genus Aeromonas using PCR amplification with Aeromonas-specific primers that amplify a 16S rRNA-23S rRNA intergenic region according to Kong et al. [22] .
To identify Aeromonas species, we sequenced the rpoD gene (RNA polymerase that encodes subunit D) as described previously [3] . All sequences were compared with those available in the GenBank (http://www.ncbi. nlm.nih.gov) databases, using the standard nucleotidenucleotide BLAST program (BLASTN; http://www.ncbi. nlm.nih.gov), to ascertain their closest relatives. Identified isolates were kept in LB with 30% glycerol (Hilabs, Mumbai) at À80°C. rpoD gene sequences were deposited in the GeneBank (accession numbers MG581187-MG581279).
Statistical analysis
Chi-square test was applied to determine whether the presence of V. cholerae in the waterbird intestine samples was correlated with sampling seasons -winter (January and February) or summer (August). Little egret (n = 11) E1 January
Letters indicate the name of the birds as follows; little egret, E; black-crowned night heron, N; black-headed gull, G. Numbers after the letters E, N or G indicate random numbers of individual birds. Numbers in parenthesis indicate numbers of isolates with the same serogroup identity.
Results
Isolation and Identification of V. cholerae
V. cholerae was isolated from seven of eight blackcrowned night herons and five of 11 little egrets, but from none out of the five black-headed gulls. Forty-six V. cholerae isolates were obtained and identified. Among them we identified 23 serogroups. More than one serogroup was identified from the intestine samples of one bird ( Table 1) . None of the serogroups was dominant in a particular waterbird species, demonstrating that different V. cholerae serogroups inhabit waterbird intestines.
Virulence genes in V. cholerae isolates All V. cholerae intestine isolates were found positive for toxR genes and negative for ctxA, tcpA, tcpI, zot and ace genes. Seven virulence genotypic profiles were observed in the little egret isolates and three in the black-crowned night heron isolates ( Table 2 ). All isolates from the intestine of black-crowned night heron were hapA positive.
90.6% of isolates tested negative for TTSS genes; the remainder (9.4%) possessed only part of the genes (Table 2) .
Unculturable V. cholerae ompW gene was detected directly from the waterbirds' intestine DNA extractions. Using ompW gene amplification, we verified the presence of V. cholerae in eight black-crowned night herons and eight little egrets (Table 1) . ompW was found in one black-headed gull, although we did not isolate V. cholerae from any gull. Two black-crowned night herons and four little egrets were positive for the presence of ctxA gene. One blackcrowned night heron and three little egrets harboured the gene that indicated the presence of the V. cholerae O1 serogroup. One little egret was positive for both O1 and ctxA gene ( Table 1) . The waterbirds were sampled in two seasons: winter (January and February) and summer (August) ( Table 1 ). The chi-square test revealed that V. cholerae was isolated significantly more frequently in summer than in winter (v 
Isolation and identification of Aeromonas
Aeromonas was isolated from 19 individual birds: seven of eight black-crowned night herons, 10 of 11 little egrets and two of five black-headed gulls. Most of the isolates were A. veronii biovar veronii or biovar sobria. Some isolates clustered with A. allosaccharophila and A. trota (Figure 1 and S1 ).
Discussion
Cholera, an acute diarrhoeal disease, still kills thousands annually. Ali et al. [23] estimated that between 2008 and 2012, 2.9 million cases of cholera occurred worldwide with 95 000 cases of death. Various Aeromonas species can cause intestinal and extra-intestinal infections in humans [2, 3] , one of the most common being bacteremia with a death rate between 27.5% and 46%.
Waterbird migration across national and intercontinental borders provides a mechanism for global dispersion of bacterial species. Halpern et al. [10] suggested that waterfowl can potentially transfer V. cholerae between continents and this may be how new endemic foci of cholera come to be established at great distances from the source of the infection. Aeromonas species may be transmitted in the same way. Gogu-Bogdan et al. [24] concluded that the birds can acquire pathogens from other birds on the same migration routes or from birds with different migration routes at the stopping and feeding spots. Table 2 Genotypic profile of V. cholerae strains isolated from waterbirds intestine (n = 41). All strains were found positive for the ompW and toxR genes and negative for ctxA, tcpA, tcpI, zot and ace genes No. of strains Presence or absence of virulence genes* Isolates origin: little egret n = 14 hapA hylA ompU V. cholerae serogroups O1 and non-O1 were recorded in waterbird faeces about 30 years ago [8, 9] . In the current study, we isolated and identified 23 V. cholerae serogroups from two waterbird species (little egret and black-crowned night heron) (Table 1) . Interestingly, V. cholerae was detected significantly more often in waterbirds in summer than in winter.
The fact that we isolated 23 V. cholerae serogroups without applying any enrichment procedures and even five serogroups from the intestine of one individual ( Table 1 ), demonstrates that there is a high heterogeneity of V. cholerae serogroups in the waterbird intestine niche, which suggests that O1 may also inhabit the waterbird intestine niche. Indeed, using DNA extraction we found evidence that some wild waterbirds were carrying V. cholerae O1 and V. cholerae that contained the cholera toxin (ctxA) ( Table 1) . However, although we found indications for the presence of potentially pathogenic V. cholerae strains in the waterbird intestine samples, we were not able to isolate these strains. Serogroup O1 is less abundant in the intestine samples than non-O1 strains, and thus, its presence may have been masked by the non-O1 isolates, or the O1 strains may have entered the viable but non-culturable (VBNC) state [25] . V. cholerae O1 and O139 are rarely isolated from aquatic environments even in cholera-endemic areas like Kolkata and Bangladesh [25, 26] . Senoh et al. [27] suggested that this phenomenon can be explained by the fact that V. cholerae O1 and O139 enter the VBNC state.
V. cholerae was not isolated in our study from blackheaded gulls; however, PCR amplification of ompW gene demonstrated that V. cholerae non-O1/O139 was present in one black-headed gull (Table 1) . V. cholerae was previously isolated from different species of gulls: California gull (Larus californicus), Franklin's gull (L. pipixcan) ring-billed gull (L. delawva rensis) herring gull (L. argentatus) and great black-backed gull (L. marinus) [8, 9] .
It has been suggested that O1 and O139 serogroups share the same niche as non-O1/O139 [28] . The current study results support this theory. This is the first study to demonstrate V. cholerae O1 in wild birds caught in Israel. The last cholera outbreak in Israel occurred in 1970 [29] , which raises the question where these bacteria with their potential to cause a cholera epidemic came from.
Isolates belonging to non-O1/O139 serogroups can cause cholera-like diarrhoeal disease [19, 30, 31] . Mukhopadhyay et al. [31] , who studied 2511 patients with cholera in Kolkata, identified 93 cases of choleralike diarrhoea caused by non-O1/O139 serogroups, including the following serogroups that were also identified in our study: O6, O8, O9, O13, O36, O39, O65 and O128. Dutta et al. [30] , who studied 281 cases of cholera-like diarrhoea in Kolkata, found serogroups O6, O11, O34, O37, O59 and O97. We identified only serogroup O6 in our study.
We have isolated Aeromonas species (Figure 1 and S1) from three waterfowl species, demonstrating that the birds may be responsible for Aeromonas transmission. Most isolates were identified as Aeromonas veronii. One-half of the isolates clustered with A. veronii biovar sobria, the other half with A. veronii biovar veronii ( Figure S1 ). The presence of Aeromonas in birds has been reported before (e.g. [12, 13] ). These studies identified A. hydrophila using biochemical tests. The taxonomy of the genus Aeromonas is complicated, and biochemical tests are not accurate enough for species identification. The recommended way to identify Aeromonas species is using other housekeeping gene sequences such as the rpoD gene that encodes RNA polymerase [3] . This can explain why all earlier studies only identified A. hydrophila, whereas we identified several species.
Fish are known to harbour various Aeromonas species. Moreover, some species of Aeromonas are fish pathogens [2, 3] . The waterbirds that were studied were caught next to fish ponds; however, most of the isolates were A. veronii. It seems that A. veronii proliferated in the waterbirds' intestine while the other species that are commonly isolated from fish probably only pass through it. To the best of our knowledge, there was no report little egret black-crowned night heron black-headed gull
Aeromonas veronii
Aeromonas allosaccharophila Aeromonas trota Figure 1 The abundance of Aeromonas species in the intestine of the different studied birds. Most isolates were identified as A. veronii.
regarding a fish disease in the ponds next to where we collected the waterbirds. V. cholerae O1 and non-O1 have been isolated from different fish species (reviewed in [32] ). V. cholerae and Aeromonas are inhabitants of fish and chironomids [4, 18] consumed by waterbirds, which may be how V. cholerae and Aeromonas enter the waterbirds' intestine. Evidence on transmission of V. cholerae from fish to cormorants has recently been published [11] . V. cholerae and Aeromonas degrade chitin [18, 33] in the birds' intestine, thereby possibly helping the birds digest their food (e.g. zooplankton).
In conclusion: we demonstrated that V. cholerae and Aeromonas inhabit waterbird intestines; thus, waterbirds may be responsible for their global dissemination. We confirmed the presence of pathogenic V. cholerae strains in wild waterfowl species sampled in Israel. Most of the Aeromonas isolates belonged to A. veronii. V. cholerae and Aeromonas species inhabit the same hosts (zooplankton like chironomids, fish and waterbirds), but more studies are needed to elucidate their interactions with their hosts.
